Introduction

Continuous
silicon carbide fibers are being developed as reinforcement of ceramic matrix composites (CMC) for high temperature structural applications. Small diameter SiC fibers (~10 to 14 Jam) produced by polymer pyrolysis with little or no oxygen content display high stiffness, high room temperature strength, and improved thermal stability in comparison to other types of ceramic fibers? Recent examples of these lowoxygen types are the Hi-Nicalon fiber from Nippon Carbon (microcrystalline 13 SiC with -5 nm grain size plus excess carbon and trace oxygen) and the Sylramic fiber from Dow Corning (stoichiometric crystalline [3-SIC with -100 nm grain size plus trace boron as a sintering additive). They have displayed improved creep and rupture properties compared to the first-generation oxygen-containing Nicalon SiC fiber (refs. I and 2) . However, at temperatures above -I 300 "C, the nonstoichiometric Hi-Nicalon fiber displays weight loss, grain growth, and contraction. A drop in the fast fracture strength accompanies these phenomena, even though the creep strength of the fiber improved (refs. 3 and 4) . In contrast, the Sylramic fiber showed no weight loss, grain 
Results
Auger Electron Spectroscopy (AES)
AES analyses were conducted at every 10 nm from the fiber surface to -300 nm deep. 
TEM Microstructures
TEM thin foils were prepared on fiber cross sections. Typical microstructures near the fiber surface zone are shown in figure 2 for (a) Sylramic, (b) Syl(l), and (c) SA(I). All fibers showed equiaxed and faulted 13-SIC grains with various sizes. The range of grain sizes for the Sylramic, Syl(l), and Syl(2) fibers were comparable, from -70 to -170 nm; while the grain sizes for the SA(I) and SA(2) fibers were mostly above -150 and -200 rim, respectively. Some grain junctions of the Sylramic and Syl(l) fibers were occupied by TiB2 and the frequency was higher for Sylramic than for Syl(1). This TiB2 phase was identified using both chemical elemental analysis and X-ray diffraction methods. The SA(I) fiber showed no second phase, even though aluminum compounds were reported to be utilized as sintering additives (ref. 9).
TGA Weight Change
The change of initial weight of the SiC fiber tows was measured from room temperature up to 1500°C at a warm-up rate of -5°C/min. The results for various types of SiC fibers are shown in figure 3(a) for air and in figure 3(b) for argon. Weight changes above 100 percent indicate a weight increase, and below 100 percent, a weight decrease. For the SiC fibers in general, weight increases above 500°C can be related to the formation of silica and other impurity oxides on the fiber surfaces: while the decreases below -800°C are typically related to removal of the initial sizing or excess carbon from the fiber surfaces. Figure 3 shows that TGA behavior was dependent on the individual fiber types, with measurable differences beginning near -250°C. For example, the SA and Hi-Nicalon S fibers showed an abrupt weight decrease at -250°C, but the Sylramic fiber showed only a small decrease up to -450°C. This can be related to the amount of fiber sizing material: that is, less sizing for Sylramic and more sizing for SA and Hi-Nicalon S. From -450°C to -1000°C, the Sylramic fiber showed weight gain up to~1.3 percent in air and -0.4 percent in argon; however, the Syl(l), SA(2), and Hi-Nicalon S fibers showed only -0.2 to 0.5 percent increase in air and <~0.1 percent increase in argon. (The weight gain in argon is believed to be due to trace oxygen in the argon.) The weight gain for the Sylramic fiber at intermediate temperatures in air and (impure) argon is probably due to the presence of boron and TiB2 on the fiber surface. That is, it is well known that liquid boria, which melts at 450°C, can rapidly enhance silica growth on SiC materials ( table 1I . From 1000 to 1500°C in argon (plus trace oxygen), most SiC fibers tested showed a continuous weight increase of -0.2 percent; while the Sylramic reached a maximum then showed a weight decrease above -1200°C. This drop might be attributed to the loss of boron from the borosilicate glass formed on the Sylramic fiber surface. In air near II00°C, the rate of weight change showed a minimum for most fibers, but not for the Sylramic and Syl(l,2) fibers. Also up to 1500°C, the total amount of weight gains for the SA(2) and Hi-Nicalon S fibers were lower than for the three Sylramic fiber types. This enhanced oxidation might be attributed to the boron containing second phases that exist on the surfaces and in the bulk of the Sylramic fiber types.
Tensile Strength
The room-temperature tensile strengths are shown in figure 4 for the Hi-Nicalon S, SA(I,2), Sylramic, and Syl(l,2) fibers after fabrication and alter exposure at 1400°C for 1 hr in argon or at 1000°C for 3 hr in vacuum. The strength values at each condition were the average of at least 12 single fibers removed from multifilament tows. Also shown are the standard deviations in strength. In general, the tensile strengths of the as-fabricated Sylramic, Syl(1,2), and SA(1) fibers were the highest, above 2800 MPa; while those of the asfabricated SA(2) and Hi-Nicalon S fibers were below 1800 MPa, particularly the SA(2) fiber which showed a low tensile strength of-1350 MPa. It should be noted that this as-fabricated strength tot SA (2) and Hi-Nicalon S fibers did not rupture up to 100 hr. As expected from the grain size difference, a measurable improvement in creep behavior was observed for the SA(2) fiber in comparison to the SA(I) fiber. However, both fibers crept to above l percent before rupturing. This amount of rupture strain appears to be abnormally large for a stoichiometric SiC fiber with a crystalline size of >!00 nm.
The effect of stress on the 10 hr-creep strain at 1400°C for the stoichiometric SiC fibers is shown in figure 6 for ( 
Rupture Strength
Results for rupture time versus stress at 1400°C are shown in figure 7 for the various fibers in (a) air and (b) argon. The Syl(I,2) fibers were the most rupture resistant in air. Below -500 MPa, these fibers did not rupture; while the other fibers ruptured below -250 MPa. In air, the next most rupture-resistant fiber was
Hi-Nicalon S. Like creep strength, the Syl(1) fiber showed a lower rupture strength in argon than in air. In argon, the SA(1,2) and Hi-Nicalon S fibers exhibited higher rupture strength than the Sylramic and Syl(l) fibers. For the Sylramic, Syl(1), SA(2), and Hi-Nicalon S fibers, the 10 hr rupture strengths in air were about 200, 720, 230, 310 MPa; while those in argon were <50, 210, 310, and 280 MPa, respectively. The rupture strengths are summarized in table III. Generally for all fibers, the rupture strains in air were stress and time independent, but were about a factor of two larger in air than in argon. Apparently in the 1400°C air environment, oxide formation blunted strength controlling flaws on the fiber surfaces; while in the argon environment, flaw blunting by silica formation was not available.
Discussion
Improvement in the fast fracture strength and long-term creep and rupture strengths of SiC fibers is desired for the successful application of structural CMC. Whereas these properties have been improved by the development of stoichiometric SiC fibers, further enhancement would be of benefit. This study has shown that one possible direction is by the use of improved processes for currently available fibers as, for example, those used to convert Sylramic to the developmental Syl(1,2), SA(I) to SA(2), and Hi-Nicalon to Hi-Nicalon S.
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Clearly thehightemperature creep andrupture properties ofthese newfibertypes areimproved: butthefast fracture tensile strengths of somefibertypes, suchastheSAandHi-Nicalon Sarereduced by -20 to 40percent. Currently it is believed thattheenhanced creep-rupture properties forthese newfibersareprobably notall explained by thesame mechanism. Forexample, based ona preliminary microstructural observations, theimprovement ofthecreep andrupture strengths observed forSyl(l) wasnotdirectlyrelated withan increase in grainsize; whiletheSA(2)creep improvement canberelated toanincrease in grainsize.Onthe other hand, theimprovements observed forHi-Nicalon Sappear to be related to a variety of mechanisms: an increase in grain size, a reduction in oxygen impurity, and a restructuring of excess carbon (refs. 3 to 14) . For the Sylramic fiber, which contains a small amount of boron sintering additives, it would appear that the creeprupture improvements seen for Syl(I,2) can be related to a reduction in the boron content along the grain boundaries. AES depth profiles ( fig. I ) (2), the fiber grains may grow, resulting in fibers with lower tensile strengths.
Currently it appears that there does not exist a certain fiber microstructure which will allow one type of stoichiometric SiC fiber to behave the best under all CMC application conditions. The Syl(l,2) fibers possess the best tensile strengths and the best creep strengths in air and argon. These fiber types also possess the best rupture strengths in air, but in argon the rupture strengths of the SA fibers are best. Also, the most creep resistant fibers, Syl(I,2) and Hi-Nicalon S, display an air-argon environmental effect: that is, they creep more in argon. On the other hand, the more creep-prone SA(I,2) and Hi-Nicalon (ref. 7) fibers did not display a significant environment effect. For CMC applications, the results in argon might be considered representative of behavior of fibers embedded in an untracked CMC: whereas the results in air are probably representative of the behavior of fibers in a cracked CMC exposed to an oxidizing environment. Clearly the fibers should bc expected to experience a variety of CMC environments, ranging from inert to highly oxidizing. Thus, at the present time it is not clear which type of stoichiometric SiC fiber would bc best for the majority of CMC applications. It is also unclear as to the mechanisms giving rise to the environmental effects observed for the some of the stoichiometric fibers of this study.
Summary and Conclusions
The stoichiometric SiC fibers evaluated in this study were found to display many _ properties that are beneficial for CMC fabrication and structural performance:
• Small diameter: 10-14 gm. A good size for weaving and braiding multifilamcnt tows into CMC fiber architectures.
• Grain size: -100 nm. Probably maximum size for good as-produced fiber strength and good creep resistance.
• High modulus: >380 GPa. Important for achieving high stress lot CMC cracking.
• Tensile strength (as-produced and after thermal exposure): >2 GPa for all fibers except the SA (2) fiber of this study. Important for providing CMC graceful failure alter CMC fabrication.
The stoichiometric SiC fibers, however, also displayed many dissimilar properties which must be examined further under actual CMC fabrication and application conditions in order to fully understand their impact on CMC pcrfi_rmance:
• Thermal conductivity: SA > Syl(l+2) > Syl > Hi-Nic-S. Important for reducing thermal stresses in high-temperature CMC applications. • Surface roughness: not measured here but differences are expected based on surface grain size. High roughness can increase CMC interfacial shear behavior.
• Surface chemistry: Sylramic fibers with boron sintering additives display enhanced oxidation between 450 and 1000°C due to boria formation. May result in enhanced fiber strength degradation and fiberfiber and fiber-matrix bonding in cracked CMC.
• Creep strength: depends on fiber environment and grain boundary phases introduced during fiber processing. Syl(I,2) fibers with reduced boron sintering additives are best in air and argon; SA fibers with aluminum sintering additives are worst under same conditions. For creep-prone matrices, fiber creep controls CMC creep.
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